This numerical study focuses on verification and validation of turbulent multiphase flow simulations, particularly flows within the gas/liquid stratified flow regime. It has been identified that computational fluid dynamics (CFD) simulations of such flows available in the literature do not demonstrate sufficient criteria and techniques for examining grid convergence, nor do they offer a sufficient comparative study amongst existing Reynolds-Averaged Navier-Stokes (RANS) turbulence modelling approaches. The present numerical investigation demonstrates the possibility of utilizing the Richardson extrapolation and the calculation of the Grid Convergence Index (GCI) to confidently select an appropriate grid size. The method of selecting an appropriate computational mesh is feasible, and the motivation for conducting such research is necessary before performing simulations for turbulent multiphase flows. Additionally, the different capabilities and limitations of RANS turbulence models available for multiphase flows have been assessed in the present study.
INTRODUCTION
Modelling of turbulent multiphase flows was one of the most challenging problems to scientists and engineers over the past few decades. The addition of a secondary phase into a given flow environment adds a degree of complexity to the equations required for a successful mathematical modelling and simulation. As a result, an abundance of research has been dedicated to this field, due to its fundamental importance in understanding fluid dynamics and its presence in many scientific and engineering applications. Two-phase gas/liquid stratified flow is known to appear in the transport of oil and gas, whether that be before or after processing and in cooling systems for nuclear reactors [1] . The design of such systems comes at a high monetary cost. Because of this fact, experimental data can be either troublesome or too expensive to gather for industrial scale applications. Therefore, by using lab experiments, one can devise computational methods for assessing certain aspects of the flow arrangement that are necessary for suitable design and implementation of a system by use of computational fluid dynamics (CFD). Taitel and Dukler (1976) [2] were early pioneers in developing mechanistic models to predict multiphase flow regimes however due to the generality of their model, it can MultiScience -XXXI. microCAD International Multidisciplinary Scientific Conference University of Miskolc, Hungary, 20-21 April 2017 ISBN 978-963-358-132-2 often be misleading. Akai et al. (1981) [3] pioneered the problem of turbulence modelling of two-phase stratified flows and was subsequently followed by Issa (1988) [4] , Meknassi (2000) [5] , Behnia (2000, 2001 ) [6, 7] , Sampaio et al. [8] to develop the ability of successful multiphase turbulence modelling. One of the commonly used approaches is the Volume Of Fluid (VOF) method for twophase stratified applications and was investigated by Gao et al. (2003) [9] studying the RNG k and standard k models. This approach was followed by many other researchers who gradually extended the use of turbulence models, especially by using commercial solvers. Banerjee and Isaac (2003) [10] carried out comparative studies of the k model and an RSM model. Al-Yaari and Abu-Sharkh (2011) [11] attempted a mesh quality study, however, no quantitative information was provided. Dabirian et al. (2005) [12] and references therein provide one of the most up-to-date accounts of multiphase simulations of this kind. Still, to this date, a complete and comprehensive comparison of RANS multiphase turbulence model capabilities has not been established and no robust method of determining grid convergence has been provided. In this paper, we apply the generalized Richardson extrapolation technique [13] and the calculation of a Grid Convergence Index (GCI) for grid convergence verification and validation, and perform a comparative assessment on RANS multiphase turbulence models. We investigate a turbulent stratified wavy gas/liquid flow, which is commonly found within the oil and gas industry. The aims and objectives of this paper are to verify grid convergence and to gain an insight into the physical behaviour of these turbulent multiphase flows.
MATHEMATICAL FORMULATION AND SOLUTION METHOD
For solving a turbulent stratified wavy two-phase flow problem, the Volume Of Fluid (VOF) method has been employed by using the ANSYS-FLUENT software package. This method is known to produce accurate results for the aforementioned flow problem without the additional computational cost of the Eulerian-Eulerian multiphase modelling approach. The VOF method solves one set of governing equations for both phases and the coupling is achieved via expressions of density and viscosity through the volume fraction per phase. When a RANS turbulence model is used, similar expressions exist for the kinetic energy and its dissipation. The governing continuity equation of the VOF method can be written as
where
is the variable mixture density with the volume fraction and density of the liquid L  , L  and gas G  , G  phases, respectively. The momentum equation is written in a similar form to the Navier-Stokes equations as
where u is the velocity vector, g is the gravity field, p is the hydrodynamic pressure, mom S represents additional source terms where e.g. RANS engineering turbulence modelling approaches can be considered, and the fluid viscosity  may also vary.
Through the VOF method formulations, it is possible to reduce computational cost, because the governing equations are similar to single phase fluid flows, but allowing for the relevant flow physics to be captured. To make successful the use of the generalized Richardson extrapolation and GCI calculations, a structured grid has been considered in this study, which enables an easier analysis of the effect of refining the grid spacing during the numerical investigations. Furthermore, a structured mesh is less computationally expensive than its unstructured counterpart allowing for the most advantageous simulation set-up, because the time-step constraint imposed by the Courant number can be satisfied sensibly. The method employed in the present paper involves performing the simulations on successively finer grids, thus the spatial discretization errors should reduce.
The generalized Richardson extrapolation is a mathematical method for obtaining a high-order estimation of a continuum value when the grid spacing approaches zero from a series of lower-order discrete values. It is relying on the theory that a given quantity can be expressed through a series expansion [13] , which can also be used to determine its true value when the grid spacing is theoretically zero as
where 1 f and 2 f are numerical approximations of the function for a finer and coarser grid spacing, respectively. The parameter r is known as the grid refinement ratio which has been held at 2 for the upcoming grid study on successively finer grids. In addition to this, the Grid Convergence Index (GCI) index can also be predicted, which is a measure of the percentage the computed value of a given quantity is away from an asymptotic numerical value. In other words, it calculates what percentage the solution would change with a further refinement. The smaller the calculated GCI, the stronger the indication of whether grid convergence can be assumed. The aforementioned GCI can be computed [13] 
where s F is a scalar safety factor, usually set to 1.25. The relative error appearing in the numerator of Eq. (4) is found between the two solutions. Once this study is complete, a grid can be chosen and justified. One can see more details on the generalized Richardson extrapolation in the book of Roache [13] . Furthermore, the assessment of different RANS engineering turbulence models is a crucial step, which is seldom seen in the literature in conjunction with turbulent multiphase flows. It is important to mention that the obtained numerical results can differ from each other due to different formulations of the turbulent viscosity for multiphase flows. Therefore, several RANS engineering multiphase turbulence models are assessed and studied for a gas/liquid flow problem in this paper, because their comparisons are essential to gain knowledge of their capabilities and limitations.
GEOMETRICAL AND SIMULATION SETUP
The geometry employed for this study is a circular pipe of length 3.4 m and an internal diameter of 0.097 m which is equivalent to that used by Dabirian et al. [12] (see Figure 1 ). The gas/liquid interface is located at a height of 0.023 m at the pipe inlet whereby the heavier, liquid phase, flows along the bottom of the pipe and the lighter, gas phase, flows above. The gas phase flows with a superficial velocity of 13 m/s and the liquid phase flows with a superficial velocity of 0.1 m/s. The superficial velocity is defined by the velocity of one phase of the multiphase flow assuming it occupies the entire cross-section of the pipe by itself [14] . The superficial velocities correspond to inlet velocities can be found in [14] as
where P A is the cross-sectional area of the pipe, L and G indices correspond to the cross-sectional area of the liquid and gas inlet, and the terms SL v and SG v represent the superficial velocities for the liquid and gas phase, respectively. The superficial velocities relying on Eq. (5) correspond to inlet velocities of 15.77 m/s and 0.57 m/s, respectively. The simulation was performed as transient whereby the time-step is computed via the Courant number (set as default to 0.25), the grid spacing, and the maximum flow velocity. Hence, for grid refinement, the time-step will change accordingly. The total flow time in all cases is 10 s to ensure the flow has become fully developed and all subsequent results are taken from a 'test plane' located at 2.7 m along the pipe in the flow direction (see Dabirian et al. [12] ).
RESULTS AND DISCUSSION
Before the comparative study on RANS multiphase turbulence models, emphasis was placed upon performing a small, albeit crucial, investigation into the simulation behaviour with successively finer grids. Three grid levels were generated with the number of cells being 1,119,469, 1,990,116 and 2,823,970 . These values correspond to a maximum grid spacing size in the flow direction of 0.012 m, 0.006 m and 0.003 m for coarse, medium and fine grids, respectively. To perform the generalized Richardson extrapolation as a method of examining grid convergence, the liquid holdup was computed at the test-plane for each grid level. This value is averaged over the entire run time of the simulation to account for any waves and fluctuations in the volume fraction. After that, three values of liquid holdup are used to compute this parameter when a theoretical grid spacing of zero is employed, which gives an exact value of 0.11204 (see Figure 2) . The obtained numerical results differ, but only on a small scale and by a very small order of magnitude. To further inspect how the solution will change with a finer grid spacing, the GCI is calculated based on Eq. (4). This provides a quantitative insight into the effect of grid refinement. The GCI is calculated twice, from the fine to medium grid was 0.92%, and from the medium to coarse grid was 1.52%. The solution changes to a lesser extent for the final gird refinement, but a larger change in results can be expected from refining the coarsest grid. This can lead one to justify the use of the medium grid, which would be less computationally expensive than the finest, but the results change by less than 1% if that grid were to be used. In consequence of this, the medium grid was chosen for the comparative study on RANS models. As an additional insight into the effect of grid refinement, the volume fraction in the symmetry-plane has been illustrated (see Figure 3) . These results are not averaged over the simulation time-run, but rather a snapshot of the flow at a real flow time of 10 s. More detail emerges of the wavy interface as the grid is refined, which is crucial in determining the limitations and information that will be extracted from simulated data. This is a crucial factor due to the known Taitel and Dukler [2] flow regime map, thus a wavy interface is expected at these superficial velocities. Note that if the shear were to be greater, annular flow may appear. [12] .
Velocity profiles for the numerical study by using the medium grid on the RANS multiphase turbulence models are shown in Figure 4 . The data represents a line which is dropped from the top to the bottom of the pipe to extract velocity profiles taken from the 'test plane'. The data is the mean velocity magnitude, so the oscillations in the wavy interface give a general picture of the velocity profile over the entire simulation run time. Differences are apparent, yet often subtle between the profiles, for example the RNG k gives a positive gas phase velocity profile, however the interface position is clearly much higher than its counterparts. The low Reynolds number formulation of the k SST model behaves in much the same manner as the standard formulation. The extra term present in the low Reynolds number formulation for eddy viscosity calculations does not have a significant effect. For the standard k model, however, the low Reynolds number formulation shows an improvement, possibly indicating that the standard k model possesses a trait to over predict the turbulent nature of the flow, particularly at the interface. The reformed eddy viscosity expression acts much like a turbulent damping function in this respect. This can be seen in the lower velocity profile where the phase transition takes place, indicating that interfacial waves were less aggressive when using this model. This analysis demonstrates the variation in results that can be achieved when using different RANS turbulence models, which was not reported previously. Despite using a commercial solver and setting the simulations up in the same manner, the velocity profiles are often incongruous to one another. This can lead to different values computed in, for example, the liquid holdup as a parameter often of great interest. Therefore, the use of a robust method of grid convergence can be seen as an indispensable tool to know whether or not simulation results demonstrate a particular behaviour as a result of the grid, or the multiphase turbulence model employed. The obtained numerical liquid holdup results for each RANS model have been summarized in Table 1 , and their relative errors are compared to the experimental and CFD data obtained by Dabirian et al. [12] . There is an identifiable difference between multiphase RANS turbulence models and their respective liquid holdup calculations. The k model has clearly proven the most favourable alongside its low Reynolds number counterpart. One can also see no difference between the two velocity profiles (see Figure 4) . The standard k model showed to be the most consistent in terms of its accuracy, as percentage variations are very small and physical traits are promising. Despite this fact, the velocity distribution has to be further investigated to understand the physical behaviour of these multiphase turbulent flows better, and it is important to analyse data for multiphase flow problems of this kind by comparing different parameters.
CONCLUSIONS
Overall, a turbulent stratified wavy gas/liquid flow simulation is often a very difficult task to be investigated, especially with the many options and flexibility of a commercial solver that can offer for simple flow environment adjustments. In the present study, the best general practice has been followed relying on the literature. In this paper, we performed simulations by using the ANSYS-FLUENT commercial
